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Abstract. Nitrogen and phosphorus dual stress significantly inhibited the maize growth and decreased the

accumulation of nitrogen and phosphorus in plants. The co-application of nitrogen and phosphorus most

significantly increased the biomass compared to the dual deficiency stress, and to our surprise, the repair
effect of nitrogen application alone was basically similar to the repair effect of simultaneous application of

nitrogen and phosphorus reflected in biomass as well as nitrogen and phosphorus content. Transcriptomic
analysis showed that DEGs related to phosphorus transporters in N versus NP group and N versus P group

were all up-regulated. These all confirm that the nitrogen application alone mitigated damages caused by

low nitrogen and phosphorus dual stress comparable to that of nitrogen and phosphorus co-application.
These indicate that the presence of nitrogen is conducive to the accumulation and transportation of

phosphorus.

1 Introduction

Nitrogen and  phosphorus are  indispensable
macroelements for plant growth and development.
Nitrogen is the constituent of all amino acids and
proteins and is the main component of nucleotides,
chlorophyll and so on other main molecules in the cell
[1-3]. Phosphorus is the components of nucleic acids,
phospholipids, adenosine phosphate, various enzymes
amongst other molecules, and it is involved in
photosynthesis, respiration, energy storage and transfer
and other important processes [4-6].

The form of phosphorus absorbed by plants is mainly
inorganic phosphorus (HPOs", or Pi), and nitrate (NO3)
is the main source of nitrogen for most plants [7, 8]. At
present, most soils are deficient in Pi and it was reported
that there are currently 5.7 billion hectares of Pi
deficiency lands in the world now [9, 10]. Studies
showed that small changes in parameters related to root
growth have a great effect on phosphorus absorption.
Severe Pi deficiency limits total plant growth and yield,
including root growth [11, 12]. Nitrogen deficiency
significantly decreases plant biomass, leaf chlorophyll
content, leaf area and photosynthetic rate in most plant
species [13, 14]. Application of nitrogen and phosphorus
fertilizer is a general strategy to improve crop yield [15,
16]. The absorption and utilization of different elements
by plants often have interaction, nitrogen and
phosphorus maybe the same [17]. The absorption and
utilization of different elements by plants often
encounter element to element interactions, and nitrogen
and phosphorus interaction is a nice example [17].

Recent studies reported the phosphorus and nitrogen
signaling interaction in Arabidopsis. PHOSPHATE2
(PHO2) and NITRATE TRANSPORTERI.1 (NRTI.I)
affect each other’s transcript level and the accumulation
of PHOSPHATE STARVATION RESPONSEI1 (PHR1),
and this process depends on NO3- uptake signaling
mediated by NRT1 [18]. In Arabidopsis, NITROGEN
LIMITATION ADAPTATION (NLA) and PHO? regulate
the degradation of PHOSPHATE TRANSPORTERI
(PHT1) protein in different growth periods [19]. A
recent study in rice showed that nitrate can activate both
phosphate and nitrate utilization in rice. Nitrate sensor
NRTI1.1B can regulate phosphorus signalling networks
by promoting the ubiquitination and degradation of
phosphate signalling repressor SPX4, and the central
transcription factor of nitrate signalling NPL3 was
controlled by SPX4 [20]. In Arabidopsis, the NLA
regulated by low phosphate induced miR827 and
miR399 maintain phosphate balance by acting directly or
indirectly on PHF1 and PHT1.1 [21]

Maize, as an important food, feed and bio-energy
crop, is of great significance not only to agriculture but
also to the development of animal husbandry [22]. Many
studies on molecular mechanism of nitrogen and
phosphorus interaction were carried out in Arabidopsis
thaliana and rice, but there was few in maize. Nitrogen
and phosphorus are vital macroelements for maize
growth. Then, when undergone low nitrogen and
phosphorus dual deficiency, what is the difference
between nitrogen and phosphorus co-application and
nitrogen or phosphorus application alone on plant
growth and the processes of nitrogen, phosphorus, and
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potassium accumulation and transportation? What kind
of interaction exists between nitrogen and phosphorus?
This paper discusses these issues at the physiological and
transcriptional levels.

2 Materials and methods

2.1. plant materials and culture condition

In this study, QXHO0121, a low phosphorus sensitive
maize genotype stored in our laboratory was selected
[23]. The seeds were disinfected and washed according
to [24], and germinated on sterilized filter paper for three
days. Then seedlings were transplanted into plastic plots
(9 ecm x 21 cm x 18 cm, three seedlings in each plot)
filled with quartz sand and cultivated in controlled
chamber with a relative humidity of 60%-70%, a
temperature of 28 £+ 3°C and a light cycle of 16/8 hours
(day/night). Afterwards, seedlings were irrigated with
Hoagland’s nutrient solution with a pH of 6 every 2-3
days until they reached the three fully expanded leaf
stage.

Low nitrogen and low phosphorus stress treatment (2
mM CacCl, instead of Ca(NOs),4H,0, without 1.25 mM
NH4NOs, and 0.5 mM KCI instead of KH,PO4) were
done for 10 days when seedlings grown to the stage with
three fully expanded leaves. In order to study the
interaction of nitrogen and phosphorus under low
phosphorus stress, different concentrations of nitrogen
and phosphorus were added to the nutrient solution. The
Control group was continuously treated with low
phosphorus and nitrogen. N group added 5 mM NH4NO:;.
P group added 3 mM KH,PO4. NP group added 5 mM
NH4NO3 and 3 mM KH>PO,4. The Normal group which
played a comparative role was irrigated with Hoagland’s
nutrient solution without low nitrogen and phosphorus
stress. At least five biological replicates (15-20 plants for
each treatment group) were done for each treatment and
used for all measurements.

2.2. Determination of plant growth parameter

After 10 days of treatments, the plant height and primary
root length were measured by ruler. Rinsed roots were
scanned with an Epson transparency unit (Epson, Beijing,
China) and root volume, surface area and mean diameter
were calculated. Plants were rinsed and wiped with
absorbent paper and cut into shoots and roots, and the
fresh weight (FW) and dry weight (DW) of shoots and
roots was measured. Five biological replicates were
applied for all parameters.

2.3. Total nitrogen, phosphorus and K* content

The roots and shoots dried to constant weight were used
to determine nitrogen content, phosphorus and K"
content. The nitrogen content was measured by
Kjehldahl method. The total phosphorus content in roots
and shoots were measured in accordance with previous
published protocols [23] and the K* content was

determined with a flame photometer (Flame Photometer
410, Sherwood).

2.4. RNA extraction and transcriptomic data
analyses

Seedlings undergone N, P and NP treatment for 10 days
were rinsed and the tender part of roots were cut and put
into liquid nitrogen and ground up. RNA was extracted
by using TRIzol (Invitrogen, USA) and purified using
the RNA easy Mini RNA kit (Qiagen, Shanghai, China).
The mRNA was enriched using magnetic beads with
Oligo (dT) by complementation of A-T with ployA tail
of mRNA. Then mRNA was broken and used to
synthesize the two-strand cDNA in order to build cDNA
libraries. Finally, high throughput sequencing via an
[llumina High-Seq2000 sequencing system (Novogene
Co., Ltd., Beijing, China) was carried out with the
constructed cDNA library.

HISAT software was selected to localize the filtered
clean reads with the maize B73 RefGen V4 genomic
DNA sequence. And BLAST (2.2.23) analysis was used
to annotate known genes
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Gene expression
was calculated by a fragment per kilobase of exon model
per million mapped reads (FPKM). And genes with
parameters of |logx(fold change)| > 1.5 and P < 0.05 were
identified as differentially expressed genes (DEs). And
Gene Ontology (GO) enrichment analysis via GO-seq
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis were also performed.

2.5. qRT-PCR validation

The total RNA of the roots treated with nitrogen,
phosphorus and co-nitrogen and phosphorus for 10 days
were extracted using an E.Z.N.A. Plant RNA Kit
(Omega Bio-tek, USA). PrimeScript™ RT reagent Kit
(Takara) was used to obtain cDNA. qRT-PCR was
carried out in a fluorometric thermal cycler (Bio-Rad
CFX96™ Real-time PCR System) using SYBR Premix
Ex TaqTM (TaKaRa) as the instructions described. The
2788Ct method was used to calculate the relative
expression value. Primers used in qRT-PCR verification
showed in Table S1.

2.6. Statistical analysis

All statistical analyses were performed by the SPSS 16.0
(SPSS, Chicago, IL, USA). Data were analyzed by
ANOVA procedure. Differences in means among
treatments were compared based on Duncan’s tests and
considered significant at P < 0.05.
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3 Results

3.1. Single nitrogen application significantly
mitigated injuries caused by low phosphorus
and nitrogen dual stress than phosphorus
application

A

Control \.

Norm7

Plant height(cm)

° Control N P NP Normal
Fig. 1. Plant phenogram (A, B) and plant height above ground
(B) of Control group, nitrogen application group (N group),
phosphorus application group (P group), nitrogen and
phosphorus co-application group (NP group) and Normal
group of QXHO121 maize seedlings. Bar = 10 cm. Data are
average of 5 replicates = SD, and different letters indicate
significant difference at P < 0.05.
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Fig. 2. Root length (A), root mean diameter (B), root surface
area (C) and root volume (D) of Control group, N group, P
group, NP group and Normal group of QXHOI121 maize
seedlings. Data are average of 5 replicates = SD, and different
letters indicate significant difference at P < 0.05.

Under low phosphorus and nitrogen stress, plant
growth and development were inhibited, leaves were
yellow and withered. Regardless of whether phosphorus
was applied or not, the plants with nitrogen application
recovered to a certain extent and the stress symptoms
alleviated. Plant growth in the N group was superior to
that of P group but weaker than that of NP group (Fig. 1
A, B). The plant height of NP group was significantly

longer than that of P group. And there was no significant
difference between that of N group and NP group (Fig. 1
O).

Results on the roots showed that there was no
obvious difference between the total root length and root
mean diameter of Control, N, P and NP group. The total
length of root in Normal group was significantly longer
than that in other groups. The root diameter of N group
and P group was markedly thinner than that of Normal
group (Fig. 2 A, B). But the root surface area and root
volume showed marked difference between Control, N,
P, NP and Normal group and the two indicators show
similar trends. In addition to Normal group, the root
surface area and root volume of N group were the
highest, then followed by those of NP group, P group
and those of Control group were the lowest (Fig. 2 C, D).

3.2. Biomass analysis of maize plants under
different nitrogen and phosphorus conditions

Fig. 3 showed that compared with the Control group, the
fresh weight of the shoots and roots of N and NP group
was markedly higher. Moreover, the fresh weight of the
shoots of NP group was a little higher than that of N
group but significantly lower than that of Normal group.
There was no significant difference between the fresh
weight of roots of N group and NP group and both of
them were a little lower than that of Normal group.
Surprisingly, there was no significant difference between
the shoots and roots fresh weight of P group and Control
group (Fig. 3 A). The dry weight of shoots and roots was
similar to that of the fresh weight (Fig. 3 B). Fig. 3 C
showed that the root/shoot ratio of Control group was the
highest, and that of Normal group was the lowest. P
group was second only to that of Control group. There
was no significant difference between N group and NP
group (Fig. 3 C).
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Fig. 3. Fresh weight (A) and dry weight (B) of shoots and roots
and root/shoot ratio of Control group, N group, P group, NP
group and Normal group of QXHO121 maize seedlings. Data
are average of 5 replicates + SD, and different letters indicate
significant difference at P < 0.05.
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3.3. The determination of nitrogen, phosphorus
and K* content in whole plant

To further investigate the distribution of nitrogen,
phosphorus and K* distribution, the nitrogen, phosphorus
and K" content in shoots and roots of different groups
were determined. Fig. 4 A showed that the shoot
nitrogen content of NP group was the highest and
followed by Normal group and N group, and there was
no significant difference between Control group and that
of P group. The root nitrogen content showed different
trends. The root nitrogen content of Normal group was
the highest, and was a little higher than that of NP group
and followed by N group. The root nitrogen content of N
group was significantly higher than that of Control group,
and there was no significant difference between Control
group and that of P group. Nitrogen and phosphorus co-
application even made the nitrogen content per unit dry
weight of the plant equal to that of the Normal group
plant. However, the application of phosphorus had little
effect on the nitrogen accumulation of plants undergone
nitrogen and phosphorus dual starvation.
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Fig. 4 Shoot and root total N, P content and K* content of
Control group, N group, P group, NP group and Normal group
of QXHO121 maize seedlings. Data are average of 5 replicates
+ SD, and different letters indicate significant difference at P <
0.05.

The phosphorus content in shoots of Normal group,
N group, NP group and P group showed no marked
difference, and that of Control was significantly lower
than them. The phosphorus content in roots of Normal
group, N group and NP group showed no marked
difference, and that of P group was lower than them, and
that of Control was the lowest (Fig. 4 B). The application
of nitrogen or phosphorus or both all played a significant
role in promoting the phosphorus content per unit dry
weight. The comparison results in Fig. 4 A and B
showed that the application of nitrogen can significantly
promote the accumulation of phosphorus, but the
application of phosphorus has no significant effect on the
accumulation of nitrogen.

The K* content in shoots of P group was significantly
higher than that of other groups, and there was no
significant difference between Normal group, N group
and Control group. The K™ content in roots of P group

was strikingly higher than that of other groups, too. Then
followed by that of NP group. And there was no
significant difference between that of Control and NP
group. The K* content in roots of Normal group was the
lowest (Fig. 4 C). The high levels of K" content in P
group and NP group maybe due to the increased K*
applied with the H,PO,. But the interesting thing was
that when applied with both nitrogen and phosphorus,
the K" content in shoots and roots both decreased
significantly compared with the group applied with
phosphorus alone.

3.4. Transcriptomic analysis of nitrogen and
phosphorus mediated gene expression profiles
in QXH0121 corresponding to low nitrogen and
phosphorus dual stress

In order to explore the molecular reason why the
recovery after nitrogen application was significantly
better than that of phosphorus application, and why the
most significant remission was achieved when both
phosphorus and nitrogen were applied together. The
transcriptome sequencing of inbred line QXHO0121 plants
of N, P and NP group were performed. The RNA-Seq
data analysis in this study contained three RNA libraries:
N roots, P roots and NP roots. Fig. 5 showed the number
of differentially expressed genes (DEGs) in roots of
different groups. Compared with P group, there were
1885 DEGs (1134 up-regulated and 751 down-regulated)
in roots of N group. Compared with NP group, there
were 480 DEGs (400 up-regulated and 80 down-
regulated) in roots of N group.
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Fig. 5 Overview of differentially expressed genes (DEGs) in N
group versus P group and N group versus NP group of
QXHOI121 roots. A total of 1,885 and 480 genes expressed
differentially in N group versus P group and N group versus
NP group, respectively, were identified according to the
threshold that [log>(fold change)| > 1.5 and P < 0.05.

3.5.Functional classification by GO

Plants absorb nutrients mainly from roots, thus the GO
enrichment analysis of roots was carried out. In the three
main categories (level 1) of GO analysis, DEGs between
N group and P group mainly involved in 12 level-2 GO
terms under biological process in which most of the
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genes involved in single-organism process, 1 level-2 GO
terms under cellular component and 17 level-2 GO terms
under molecular function in which most of the genes
were related to catalytic activity (Fig. 6 A). Most of the
DEGs between N group and NP group were related to
molecular function (mainly involved in 12 level-2 GO
terms and most of these were related to hydrolase
activity and oxidoreductase activity), then followed by
biological process (mainly involved in 8 level-2 GO
terms). DEGs related to cellular component mainly
involved in 10 level-2 GO terms (Fig. 6 B).
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Fig. 6. Gene Ontology (GO) analysis of DEGs in roots of N
group versus P group (A) and N group versus NP group (B) in
cellular components, molecular functions and biological
processes.

3.6. Functional classification by KEGG

KEGG analysis revealed that most of the DEGs between
N group and P group mapped to metabolic pathway,
biosynthesis of secondary metabolites pathway and
phenylpropanoid biosynthesis, and some mapped to

starch and sucrose metabolism, nitrogen metabolism,
amino sugar and nucleotide sugar metabolism, flavonoid
biosynthesis, glyoxylate and dicarboxylate metabolism
and cyanoamino acid metabolism and so on (Fig. 7 A).
The most DEGs between N and NP group mapped to
metabolic pathway and biosynthesis of secondary
metabolites, too. And some others mapped to plant
hormone  signal  transduction,  phenylpropanoid
biosynthesis, starch and sucrose metabolism and so on
(Fig. 7 B).
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Fig. 7. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis of DEGs in roots of N group versus P group
(A) and N group versus NP group (B).

3.7. Key DEGs related to nitrogen metabolism
between N group, P group and NP group

Transcriptome analysis revealed that there were many
DEGs found in N group vs P group and a few in N group
vs NP group involved in nitrogen metabolism (Table 1).
Among the 16 DEGs of N group vs P group, 12 of the
them were down-regulated. These results further
indicated that nitrogen application showed evident anesis
on nitrogen and phosphorus dual starvation compared
with phosphorus application and as a result the
expression level of nitrate transporters of N group
needed no further improvement but those of P group
needed. In N group vs NP group, there were fewer DEGs
related to nitrogen compared with N group vs P group.
Only 3 DEGs were found and Zm00001d026221 (NRT1/
PTR FAMILY 8.3) involved in nitrogen metabolism were
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down-regulated. The down-regulation of DEGs related
to nitrogen metabolism maybe one of the most important
reasons why the nitrogen content of P group was lower
than that of N group. From the nitrogen content point of
view, there was no significant difference in nitrogen
accumulation between N and NP groups, so there were
less DEGs related to nitrogen metabolism.

Table 1 DEGs involved in nitrogen metabolism of QXH0121
identified in N group versus P group and N group versus NP
group by transcriptomic analysis (|log2FoldChange| > 1.5, and
Pval <0.05).

Treat- log2FoldCh

Gene ID Pval SwissProt
ment — ange
Zm00001d Glutamate
025984 24236 0 dehydrogenase 2
Zm00001d 24047 2.2025 Glutamine synthetase
033747 ’ E-149 root isozyme 2
Zm00001d 1.6513 1.3184 High-affinity nitrate
014976 ’ E-23 transporter 2.2
Zm00001d 2,008 493E- Protein NRT1/PTR
042684 ’ 227 FAMILY 5.10
Zm00001d Ferredoxin--nitrite
018161 -1.5604 0 reductase
Zm00001d -1.8156 1.8324 High-affinity nitrate
054057 ’ E-127 transporter 2.2
Zm00001d -1.8915 1.4803  Ferredoxin--nitrite
052164 ’ E-41 reductase
Zm00001d 19115 8.5221 High-affinity nitrate
054060 ’ E-287 transporter 2.2
NP zmoooord | goq 78295  Nitmate reductase
049995 - E-206 [NADH] 1
Zm00001d 2683 8.2927 Nitrate reductase
018206 ’ E-301 [NAD(P)H]
Zglffggo 91 d -2.3309 '7;:_513 32 12 Carbonic anhydrase
Zm00001d Nitrate reductase
031769 -3.964 0 [NADH] 1
Zm00001d -1.5529 9.41E- Protein NRT1/ PTR
012138 ) 10 FAMILY 8.1
Zm00001d Protein NRT1/ PTR
017666 178 0 FAMILY 7.3
Zm00001d 22696 4.92E- Protein NRT1/PTR
014060 ’ 56 FAMILY 5.2
Zm00001d 26451 1.93E- Protein NRT1/PTR
_ 026221 __"_ _ 40 _ _ FAMILYS83 _
Zm00001d 1.53 2.98E- Probable peptide/nitrate
040468 ’ 23 transporter
Nvs  Zm00001d 1.6089 4.03E- Probable peptide/nitrate
NP 044640 ’ 18 transporter
Zm00001d -1.689 3.88E- Protein NRT1/PTR
026221 ) 14 FAMILY 8.3

3.8. Key DEGs related to Pi transporters activity
between N group, P group and NP group

Some DEGs related to Pi transporters of N group versus
P group and N versus NP group were found (Table 2).
And all genes in N group versus P group were up-
regulated trends. Among these significantly up-regulated
genes, Zm00001d031875  (inorganic  phosphate
transporter 1-2) showed the highest expression level.
There were only 3 genes DEGs related to Pi transporters
in N versus NP group. And Zm00001d028367 (purple

acid  phosphatase  3), Zm00001d029038 (acid
phosphatase 1) and Zm00001d031875 (inorganic
phosphate transporter 1-6) were all up-regulated, too.
The root phosphorus content of N groups was a little
higher than that of P group, but these Pi related
transporters still expressed upward. These all indicated
that nitrogen might promote the expression of genes
related to phosphorus metabolism.

Table 2 Differentially expressed transporters involved in
phosphorus metabolism of QXHO0121 identified in N group
versus P group and N group versus NP group by transcriptomic
analysis (Jlog2FoldChange| > 1.5, and Pval < 0.05).

EZ?;_ Gene ID 18%1;1;(;1: Pval SwissProt
Zm00001d Inorganic phosphate
031875 S4812 0 trinspofter lriZ
Zm00001d 47683 0.0009 Sucrose-phosphate
032850 2953 synthase
Zm00001d 28161 3.94E- Phosphate transporter
N vs P 031875 10 PHO 1-3
Zm00001d 1.98 8.87E- Probable inorganic
028367 175  phosphate transporter 1-8
Zm00001d 25005 1.06E-  Inorganic phosphate
031657 ’ 135 transporter 1-6
Zm00001d 27742 1.39E-  Inorganic phosphate
__ 034839 7' 10 wansporter 1-11
Zr(;lz()é)}() 6071 d 1.6638 4';33]5_ Purple acid phosphatase 3
I‘II\I;S ngfggf;d 19249 % 1266E Acid phosphatase 1
Zm00001d 1.7468 443E-  Inorganic phosphate
031875 71 transporter 1-6

3.9. Key DEGs related to K+ transporters
activity between N group, P group and NP

group

There were 5 DEGs related to K* transporters activity in
N group versus P group and no DEG related to K*
transporters activity in N versus NP group (Table 3). The
three of them in N group versus P group were down-
regulated, and the remaining two showed up-regulated.
In genes that were significantly up-regulated,
Zm00001d011473 (potassium channel AKTI) showed
the most significant expression differences.

Table 3 Differentially expressed transporters involved in
potassium metabolism of QXHO0121 identified in N group
versus P group and N group versus NP group by transcriptomic
analysis (Jlog2FoldChange| > 1.5, and Pval < 0.05).

EZ?E Gene_ID lgiil(;s Pval SwissProt
RIS 2o saieos o
044056 10390 ATBE-L2L el AKTI
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Zm00001d
033071

Potassium

-1.7681 transporter 21

8.14E-39

3.10. The qRT-PCR analysis

The 10 DEGs involved in nitrogen metabolism, Pi
transporters and K* transporters were chosen to verify
the RNA-seq gene expression analysis. The result
showed that except 2 genes (Zm00001d033071, no
significant difference; Zm00001d026221, reverse), the
others showed same regulation mode, which confirmed
the reality of RNA-seq data (Fig. 8).
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Fig. 8 Relative expression level of 10 DEGs in maize identified
in N group versus P group and N group versus NP group RNA-
seq analysis from qRT-PCR. Data are average of 5 replicates +
SD, and different letters indicate significant difference at P <
0.05.

4 Discussions

Plant growth was closely related to nutrient availability.
Previous studies showed that plants could change root
morphology architecture to respond to single nitrogen or
phosphorus starvation [25, 26]. Generally, nitrogen and
phosphorus deficiencies lead to the inhibition of shoot
and root growth [27, 28]. The primary root length of
plants under nitrogen and phosphorus starvation usually
decreased and root/shoot ratio increased [29-31]. Maize
is no exception to this nutrient deficiency phenotype.
The growth of maize was also strongly associated with
nutrient. Our result showed that under nitrogen and
phosphorus starvation, maize growth was severely
inhibited. Plant height, primary root length, total root
surface area and root volume decreased markedly.
Biomass also decreased obviously and shoot root ratio
increased significantly. These results verified that
nitrogen and phosphorus played crucial role in maize
growth and development such as it has been described in
Arabidopsis and Eustoma plant species[32, 33].

Though phosphorus was indispensable, compared
with phosphorus, nitrogen played much more important
role in restoring plant growth when undergone low
nitrogen and phosphorus dual stress as it has been widely
studied in other plant species [34, 35]. In our result,
though co-application of nitrogen and phosphorus
showed the most significant relief, apart from fresh
weight, there was no significant difference between the
plant height, root length, root/shoot ratio and dry weight
of N group and NP group. So in view of the need for
efficient and sustainable development, application of

nitrogen alone or mainly nitrogen and supplementing
with less phosphorus fertilizers can significantly
alleviate stress damage caused by low nitrogen and
phosphorus deficiency. Therefore, considering the need
of efficient, economical and sustainable development,
only appropriate amount of nitrogen or nitrogen plus a
small amount of phosphorus can ensure the normal
growth of maize.

Nitrogen and phosphorus played different but inter-
related roles in plants [36-38]. Recent studies showed
that in Arabidopsis thaliana, HRS1, a NRT1.1/CHL1
NLP7 dependent transcription factor, represses the
primary root growth in response to low P condition when
PO,* is absent and NOs™ is present [39]. NPF7.3/NRT1.5,
as a low affinity NO;™ transporter was intensely induced
by phosphorus starvation and the mutation of AtNRT1.5
enhanced the expression of phosphorus starvation-
induced genes under phosphorus starvation [40].
Applying nitrogen fertilizer to Hybrid Middle Rice can
increase the absorption and accumulation of nitrogen and
certain phosphorus [41]. In our result, nitrogen
application could promote the accumulation of
phosphorus and nitrogen, but phosphorus application had
no significant effect on nitrogen accumulation which
indicated that the presence of nitrogen may be necessary
for the absorption of phosphorus. However, the presence
of phosphorus had no significant effect on nitrogen
absorption. These all indicated that there was a certain
correlation  between  nitrogen and  phosphorus
metabolism in maize, and phosphorus metabolism
processes may work better in the presence of nitrogen.

Analysis of transcriptome data showed that there
were significantly more DEGs in N versus P group than
in N versus NP group. And all of the differentially
expressed Pi transporters were up-regulated in either the
N group vs P group or the N group vs NP group. This
adequately indicated that the present of nitrogen may
promote the expression of phosphorus transporters. Most
of the nitrogen metabolism involved genes were down-
regulated. These results indicated that the presence of
nitrogen may proceed or induce the expression of Pi
related genes. These inferences need more detailed and
in-depth research, so next we will deeply explore the
interaction between genes involved in the absorption and
transport of nitrogen and phosphorus in maize plants.
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Table S1 Primer sequence of qRT-PCR genes in N versus P
group and N versus NP group.

Treat Gene ID Sense primer (5°-3°) Anti primer (5°-3”)
ment
Zm00001  CATTCTTGAGAG TGGTGCTGTAGT
d033747 GATCACCGAG TGGTGTG
7Zm00001 ~ CACGTATACTGA  CACGCCTTTCAC
d042684 ATCGAGCCC TTCTTCAC
Zm00001  ACTACCATTACA  TCACCGAGTTTA
d031769 AGGACAACCG TGTTCAGCTC
N 7Zm00001 GTACCACTTCACC GCTTAGTCACGA
versus d031875 GCCATC GGGAGATG
P 7Zm00001  TTTTGAAGCGTG  CCTTCGGAGTCT
d011473 GTTTGGATC CTAGCATTTG
Zm00001 ~ TTCAACCCCAAG  AGTATCCCAGAT
d033071 TACATCGTC TCGCAAAGAG
7Zm00001 AGTCAATTGCTCC CTAGAAAGGGC
d044640 AGTAGGTG TCAAAGGTGG
7Zm00001  GTGCCACTCATTC AGGACGGTCTCT
N d026221 AGAACAAG AGGTACAC
VEISuS  7m00001 GTACCACTTCACC GCTTAGTCACGA
NP 4031875 GCCATC GGGAGATG
Zm00001 CCTCTCCAACCTG GACCTTGAAGCC
d029038 CTCTACT CTTGTCC
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